ABSTRACT
I INTRODUCTION
Distribution networks are currently facing challenges such as ageing assets, connecting different types of Distributed Generation (DG) and the expected demand growth due to the migration of new demand, such as electric vehicles and heating, to the electricity sector. To respond to these challenges, new distribution network operation practices and in many cases network reinforcement might be required. The need for overcoming the obsolete "fit and forget" paradigm and adopt an active approach to distribution network operation is discussed by Djapic in [1] . In that work the integration of demand side with DG into network operation is identified as an important step to the active approach. Gil in [2] presents a method for quantifying the deferral benefits brought about by DG, as a non network solution, to network reinforcement investments. Following above discussions, there is a need to investigate the role of new technologies such as Storage and DSM in optimizing the existing network capacities. Previous work has been done to investigate the benefits of storage to support intermittent generation integration, regarding system balancing [3] and coordination with individual wind farms [4] to reduce its output variability. DSM's role has been mostly confined to system peak reduction [5] [6] . Less attention has been paid to the use of these technologies to support network operation. The current paper proposes a new framework to assess the potential benefits of Storage and DSM to optimise existing network capacity. This paper is structured as follows: In Section II the proposed framework is described. In Section III the results of a set case studies applied to a branched urban network are presented. Finally, Section IV outlines the conclusions of this work.
II PROPOSED FRAMEWORK
The proposed framework is based on a DC-OPF algorithm with Storage and DSM optimisation constraints. Storage and DSM operation modifies the daily demand patterns reducing network critical loading and alleviating network congestion. This will improve the utilisation of the existing network capacity. The approach is based on a two-step optimization procedure. In the first step, the online generators are dispatched assuming infinite network capacity. The solution of this dispatch problem, for all time intervals during one year, is the input to the second step. The second step solves a MultiPeriod Optimal Power Flow (MP-OPF) with the objective to minimize the re-dispatch costs using DSM and Storage operation. A multi-period approach is necessary, since the operation of Storage and DSM requires the intertemporal link between different time periods over the optimization horizon. The DSM model incorporates the information about the amount of power available for control, the shifting flexibility provided by the consumer and the load reduction and load recovery patterns for each shifting possibility. This enables to model DSM operation taking into account the impact that both reducing and recovering of demand have to the system. At the same time, the characteristics of the controlled load must be considered. This is simultaneously optimised for all network buses. The optimisation is performed using the DashXpress solver [7] . Prague, 8-11 June 2009
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Paper No 0986 The benefits of storage and DSM are evaluated by comparing a base case (no Storage and no DSM) with cases where Storage and DSM are available. The economic value of each technology is a function of the reduction in congestion cost when Storage and DSM are used. This represents the benefit to the system of using the technology and can be used to support network development decisions.
III CASE STUDIES
The proposed methodology is applied to a radial distribution network, with 38 buses and 37 branches, presented in Fig. 2 . Load is installed in 23 of these 38 buses and has a peak demand of 2.96 MW. Two sets of studies are performed: demand growth case study and increase of DG (wind) connection case study. Since a stressed branched urban network is considered, the problems due to insufficient network capacities are caused in both cases. Power supply costs from the Grid Supply Point (GSP) and DG installed capacity are given in Table 1 . From Table 1 one can see that wind power production is assumed to be free of cost therefore its utilisation is prioritised over the power from the GSP. The capacity of the GSP is assumed to be large enough, thus the only constraints are the branch thermal limits. The load available for DSM is distributed in all load buses with total power of 0.3MW, which is approximately 10% of the peak demand. The loads participating in DSM can be controlled using different control schemes. Each control scheme is described by the duration of the demand reduction and recovery periods as presented in Figure 3 . This control schemes represent the demand side flexibility and incorporate the payback phenomenon of thermal loads [6] . Finally the cost of energy not served is assumed to be £3000/MWh. Wind generation and demand data are given as the hourly time series for the whole year. 
Demand Growth Case Study
This study analyses the benefits of storage and DSM when demand growth affects network operation. Three scenarios are considered: Scenario 1 (S1): demand increases 10%, Scenario 2 (S2): demand increases 20%, and Scenario 3 (S3): demand increases 30% The branch connecting Bus 1 and Bus 2 ( Figure 2 ), for demand increases above 20 %, becomes overloaded during peak times leading to involuntary load shedding. The results are presented in Table 2 . When DSM is used the system is able to accommodate the demand growth for scenario 2 and the need for load shed for scenario 3 is reduced. If a similar storage capacity is installed, the system is able to accommodate the totality of demand growth. The reason for this is due to storage's flexibility: storage can be charged whenever there is enough network capacity and discharged during peak time. DSM is limited by consumer flexibility and in most cases demand reduction is followed shortly by demand recovery (see also figures 4 and 5). Figure 4 shows the power flow in the overloaded branch (Bus1-Bus2) for a period of approximately 4 days from weekend to weekdays. During the weekdays around peak time demand is disconnected. When DSM is available the demand is shifted to reduce the need for involuntary disconnection both in terms of power and duration of the event. Similar analysis for storage case is illustrated in Figure 5 . Storage is charged before peak time and discharged during peak time avoiding demand disconnection. Since storage charge and discharge periods are not constrained, it charges enough energy during off-peak periods to fully replace the power that cannot be imported from the GSP when there is insufficient network capacity. The allocation of storage through the network is presented in Figure 6 . From this picture it can be noticed that in this scenario storage is used only in two buses: Bus 14 and Bus 23. This points out that a storage device, with a maximum power rating of 300 kW, placed near bus 23 will improve network operation. Storage was used in this bus 64 days a year (during winter time when the high demand occurs). The value of Storage and DSM represent the economic benefit to the system and comes from avoiding involuntary disconnection of demand. The value indicated in this work is a function of the cost of load shed, which is, of course, system specific. 
Increase of DG Connection
This case study analyses the network performance when a new intermittent DG is connected to the system. When existing network capacity does not support the connection of further DG, the alternatives are network reinforcement or investing in technologies that maximise the utilisation of this capacity. Considering that wind power presents low load factor, the need for the additional network capacity is not required at all time periods. This case study investigates the potential benefits of Storage and DSM on the reduction in the congestion costs and wind spillage. Coordination of wind power with DSM or storage facilities operation offers the possibility of integration more wind energy. Two scenarios of DG connection are considered:  Scenario 1 (S1): Connection of 5.9 MW wind generator at Bus 6 (expected production of 18.1 GWh/year).  Scenario 2 (S2): Connection of additional 3 MW (expected production of 9.2 GWh/year) wind generator at Bus 26. The same DSM strategy, as described in the previous set of studies, is used. Alternatively a storage device of 300 kW, 1MWh, 80% efficiency, is attached to Bus 6, reducing the variability of wind production in that bus. The results for all cases are shown in Table 3 . Table 3 , shows that wind curtailment is required, for both scenarios. This is due to the lack of capacity of the branch connecting to the GSP and on the branch connecting bus 6 to the network. These hinder the wind farms to export energy to the network when demand is low and wind is high. DSM cannot be used to improve this situation since there is no demand in bus 6. Storage attached to the same bus, however, reduces the wind curtailment for about 20% (from 160.7 to 127.5 MWh). Assuming that the wind curtailed would otherwise be sold to the grid at a price of 20£/kWh (same as the price at GSP) the value of storage is low and insufficient to justify the investment. Figure 7 illustrates the annual energy managed by DSM (represented by the energy reduction) in each bus and shows that DSM is exercised all over the network, and especially between buses 22 and 26. This can be explained since the branch connecting Bus 22 to Bus 23 has capacity of 2.453 MW and is a barrier for a power transfer from wind generator at Bus 26 (3 MW) to the system.
IV CONCLUSIONS
A framework to quantify the value of storage and DSM to support distribution network operation was presented. The framework allows the consideration of the intertemporal correlation between the charge and discharge of storage as well as the demand reduction and demand recovery periods to obtain the optimal operation strategy for these technologies. Furthermore, the optimal allocation of storage devices is defined.
The framework was applied to an 11 kV UK branched distribution network and a set of studies is performed to investigate the benefits of these technologies to support network operation concerning the expected demand growth and increasing intermittent DG connection. The value obtained is significantly higher to scenarios where demand increases since these technologies are used to mitigate involuntary load disconnection. These results are system specific and this value is strongly dependant on the cost of shed load. The potential to increase DG connection is low since the economic value of wind curtailed is much lower. Storage shows higher economic value but requires significant land area to be built. The use of storage is then constrained by space availability, which is limited in urban areas. Based on this, DSM is a more adequate solution for such areas since it does not require additional space, having in mind a fact that demand is already there. When applied to different systems and scenarios, this framework is able to support network development decisions by comparing options such as storage and DSM against the traditional network reinforcement solutions. 
